The Escherichia coli aspartate receptor, a dimer of identical subunits, has two transmembrane regions (TM1, residues 7-30; TM2, residues 189-212) of 24 residues each. To study the relative placement and orientation of the regions, cysteine residues were introduced individually into the center of each: at positions 17, 18, and 19 in TM1; and at positions 198, 199, 200, and 201 in TM2. Based on the patterns of disulfide cross-linking observed between subunits in the mutant receptors, there appears to be close contact between the TM1 and TM1' regions at the dimer interface but no such direct interaction between the TM2 and TM2' regions. The cross-linking results are consistent with an a-helical structure extending across the transmembrane region up through at least residue 36, which lies on the periplasmic side of TM1. The ability ofan 18-18' cross-linked dimer to transmit an aspartateinduced transmembrane signal is also supportive of such an extended helix. The changes in relative rates of disulfide cross-linking provide experimental evidence of a conformational change transmitted through the transmembrane domain during signaling. Once formed, disulfides between the transmembrane regions are unusually resistant to reduction by low molecular weight thiols in the presence of denaturants like SDS.
Many transmembrane receptors have now been identified, cloned, and sequenced, but the mechanisms of transmembrane signaling remain obscure. Structurally, transmembrane receptors fall into at least three categories. One class of receptors contains ion channels, which transmit a signal by the passage of ions (1) . A second class, which contains seven transmembrane regions, is exemplified by rhodopsin and the ,3-adrenergic receptors, which function by interacting with GTP binding proteins (2) . The third class of receptors contains one or two highly hydrophobic transmembrane sequences of the type found in the epidermal growth factor receptor (3), the insulin receptor (4) , and the aspartate and serine receptors of chemotaxis (5, 6) . Transmembrane receptors containing one or two transmembrane sequences have been postulated to operate by either an association/ dissociation reaction, as suggested for the epidermal growth factor receptor (7) , or by a ligand-induced conformational change through an individual subunit, as suggested for the aspartate receptor (8) (9) (10) .
To investigate the properties of the aspartate receptor, a new tool, targeted disulfide cross-linking, was developed (9) . Using site-specific mutagenesis, cysteine residues were introduced at various locations throughout the aspartate receptor. The rates of formation of disulfide bonds between monomers revealed properties of the juxtaposition and flexibility of the protein domains. A rate is a probability function, and therefore the rate of cross-linking is related to the proximity of the residues, the flexibility of the protein, and the environment around the sulfhydryl group, which allow its reaction. This tool can be used in addition to other biophysical and chemical methods to provide information about protein structure and function.
In the case of the aspartate receptor ( Fig. 1 Abbreviations: DTT, dithiothreitol; 2-ME, 2-mercaptoethanol.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. methods (11) . Mutations were introduced into the plasmid pMK650 containing the E. coli receptor. Mutagenesis was confirmed by dideoxynucleotide sequencing. The TarE wildtype and mutated receptors were expressed in the strain RP4080, and membranes containing receptors were prepared as reported (12) in the presence of 2 mM dithiothreitol (DTT). Disulfide bonds between two cysteines at identical sequence positions on adjacent subunits are denoted as n-n', and interactions between two equivalent regions on different subunits in the dimer are referred to as interactions between regions a and a' (for instance TM1 and TM1').
Tryptone and Minimal Swarm Plates. Plasmids containing the wild-type receptor (pMK650), the mutant receptor (as indicated), or no receptor (pEMBL19) were transformed into the E. coli chemotaxis strain RP5838, which lacks all chemotaxis receptors. Chemotaxis was measured by swarm assays in either tryptone soft agar plates or minimal soft agar plates plus or minus 100 AM aspartate. Swarm rates are reported in Table 1 as mm/hr for tryptone plates and as the ratio between the rate in mm/hr plus aspartate divided by the rate in mm/hr minus aspartate for the aspartate swarm plates.
Cross-Linking Rates. Receptors were methylated in the membranes with S-[3H]adenosylmethionine in the presence of methyltransferase and extracted by adding 1% Triton X-100 detergent (Pierce) to the membranes for 30 min at 4°C. Cross-linking was initiated by the addition of 1.5 mM Cu(II) (1,10-phenanthroline)3 to receptor in a detergent-solubilized buffer system containing bacterial phospholipids and Triton X-100, because of its similarity to a system in which the E. coli aspartate receptor undergoes aspartate-stimulated increases in methylation rates (M. Shapiro, personal communication). At the indicated times after initiation of the reaction, aliquots were added to Laemmli sample buffer containing EDTA and N-ethylmaleimide as described (9) and frozen in liquid N2. Monomeric and cross-linked dimeric forms of the receptor were well separated on SDS/7.5% polyacrylamide gels. Bands were cut out of the gels and analyzed for
[3H]methyl ester incorporation by scintillation counting. Initial rates of cross-linking were determined by using the slope of the line through the time points in the first 5 min, where the rates are linear, and are reported as fraction of total receptor cross-linked per min (Table 1 , Fig. 2A ). Reduction of Cross-Linked Receptors. Receptors were methylated with S-[3H]adenosylmethionine and cross-linked as described above. Cross-linked receptors were passed through a spin column, exchanging buffers and removing oxidant at the same time. The receptor was denatured in the presence of 1% SDS and reduced with either 100 mM 2-mercaptoethanol (2-ME) at pH 6.8 or 100 mM DTT at pH 9.0 at 90°C for the times indicated. The different forms of the receptor were separated on SDS/7.5% polyacrylamide gels and incorporated radioactivity was determined (Fig. 2B) .
Analysis of the Transmembrane Regions. The transmembrane regions of the aspartate receptor were analyzed for hydrophilicity and conservation of residues, following the approach developed from an analysis of the transmembrane domain of the Rhodopseudomonas viridis photosynthetic reaction (13) . The degree of conservation of residues in the transmembrane helices was determined by comparing the sequence ofTarE with the homologous receptors TarS, TsrE, and TapE. The average degree of conservation for an entire transmembrane sequence is given by the value (V), which is derived by averaging the number of different amino acids found at each position in the transmembrane regions among the four receptors (using the four receptors listed above, any residue position is assigned a number from one to four, depending on how many different amino acids are found at that position). A vector was derived representing the direction and degree of greatest evolutionary conservation of residue positions perpendicular to the long axis of the transmembrane helices (Fig. 3) . Hydrophilicity was analyzed by averaging the hydrophobicity at each position from the four related receptors mentioned above, utilizing a standard hydrophobicity scale for the amino acids (14) , and generating a vector representing the direction and degree of greatest hydrophilicity (Fig. 3) (9) . Disulfides are normally readily reduced by an excess of low molecular weight thiol reductant such as 2-ME or DTT in the presence of a denaturing agent such as SDS. Treatment of the 18-18' cross-linked receptor in a normal Laemmli sample buffer with 100 mM 2-ME at 90'C for 15 min resulted in conversion of only -1/4 of the cross-linked dimer back to the monomer. Even increasing the pH to 9 with 100 mM DTT at 90'C could only reduce half of the cross-linked dimers to monomers after 15 min, although treatment with 100 mM DTT at pH 9 and 100'C for 30 min reduced the dimer completely (data not shown). We also tested for the disulfide nature of the cross-links by treatment with performic acid. The performic acid cleaves the dimer. In addition, we also tested cross-linked dimer created by using 12, which does not act through a free-radical mechanism, and the I2-generated cross-linked dimer is as resistant to reduction by 2-ME as cross-linked dimer generated by using Cu(II) (1,10-phenanthroline)3. These experiments support the identification of the cross-links as disulfides, although they do not analytically prove it.
Functionality of Receptors. All of the bacteria containing mutant receptors swarm like wild type in the tryptone plates and show an acceleration in swarming induced by aspartate on minimal plates (Table 1 ). In addition, the cross-linked 18-18' receptor shows an aspartate-stimulated increase in methylation that is similar to that seen in wild-type receptor and in non-cross-linked F18C receptor (Fig. 4) , while crosslinked 19-19' receptor shows no such aspartate-stimulated increase in methylation (data not shown).
Analysis of Transmembrane Regions. The above crosslinking results provide information on the orientation of the transmembrane domains of the receptor. This is extended by an analysis of the sequences of these regions. In Fig. 3 (Fig. 1) (Fig. 5) . The slightly lower cross-linking rates of A19C might indicate a longer ' distance than an 18-18' distance. Since the relative cross-linking rates of F18C and A19C are dependent on several factors (proximity, orientation, environment, and dynamics), we cannot assume that cross-linking rates derive solely from cysteine-cysteine distances. However, the cross-linked 18-18' receptor still signals (Fig. 4) (Fig. 5) . In contrast to the case in TM1, none of the cysteines introduced in TM2 can cross-link in the dimer, implying that there is no direct TM2-TM2' interaction across the dimer interface in the region studied. The model for transmembrane helical interactions derived from the cross-linking studies is supported by an analysis of the transmembrane sequences. The structure of the reaction center of Rp. viridis has been determined at atomic resolution (19) . The transmembrane a-helices that constitute the transmembrane domain resemble those in globular proteins in aqueous environments; that is, they are tightly packed together in a stable assembly, with clear interior and exterior faces. Residues in the interior of the domain (on the inner surfaces of the transmembrane helices) have a net hydrophobicity that is similar to the interior of a globular protein domain, while the exterior, membrane-exposed residues of these helices are significantly more hydrophobic than those in the interior of an average globular protein (13) . Furthermore, interior residues in the transmembrane domain are more conserved among evolutionarily related proteins than are exterior residues-a property shared with globular protein domains.
The transmembrane regions of the aspartate receptor were examined by these principles, and the results agree with the cross-linking experiments (Fig. 3 ). TM1 has a helical face (that containing residues 18 and 19) with a high proportion of the most conserved and most hydrophilic residues in the transmembrane region, although it is by no means a hydrophilic face. TM2 has a similar sidedness, but the vector moments for these values are smaller than in TM1. TM2 also has a higher average hydrophobicity ((H)) than TM1 and a much lower sequence conservation ((V)) with related receptors. The combination of a greater degree and vectorial orientation of hydrophilicity and conservation of residues for TM1 relative to TM2 implies that TM1 and TM1' are more buried in the interior of the transmembrane domain, while TM2 and TM2' are on the outside of the domain and more exposed to the membrane environment. The analysis of TM1 suggests that the face toward the center of the transmembrane domain contains residues 18 and 19. This is confirmed by the cross-linking studies and suggests that, by analogy, the face of TM2, which is on the interior of the transmembrane domain, is the one containing residues 189 and 190.
The cross-linking data and sequence analysis not only help us orient the transmembrane helices, but also provide evidence that there is a continuous a-helix from the cytoplasmic boundary of TM1 through residue 36 in the ligand-binding domain. As demonstrated previously, a disulfide cross-link between residues 36 and 36' in TarS forms rapidly and permits signaling (9) . If the TM1 helix extends to the vicinity of residue 36, which is 6 residues outside of the putative TM1 region, residues 36 and 18 would reside on the same face of this a-helix (Fig. 5) . The ability of cross-links to form between both 18-18' and 36-36', and the ability of both of these cross-linked receptors to signal, suggests that the transmembrane a-helix extends at least up through residue 36 in the periplasm. The 19-19' cross-linked receptor does not signal, suggesting that the cross-link in this case distorts the native structure of the receptor.
The cross-linking studies have important implications for the mechanism of transmembrane signaling. In the presence of 1 mM aspartate, both the F18C and A19C receptors show an =3-fold increase in cross-linking rates. One possible explanation is that there is a relative motion ofTM1 and TM1' when aspartate binds to the receptor (intersubunit relative motion), bringing the cysteines closer together, or into a more favorable orientation, so that disulfide formation is more rapid. To explain the similar changes observed in the crosslinking rates, any such motion must affect the 18-18' and 19-19' distances to an equal degree. One way this restriction could be accommodated is for TM1 and TM1' to move relative to one another along a vector normal to the plane of their interaction. Such a hypothesis seems unlikely, since cross-links between TM1 and TM1' should constrain motions of this sort, and yet the 18-18' and 36-36' cross-linked receptors can signal. A second possibility is that aspartate binding causes a motion of TM2 relative to TM1 (motion within a subunit), increasing the exposure of the cysteine pairs to oxidant. Such intrasubunit motion could involve TM2 moving away from TM1 in a motion within the plane of the membrane, the transmembrane regions moving up and down perpendicular to the plane ofthe membrane, or a combination of both sorts of motion. If the relative orientation of TM1 and TM1' remains fixed, while TM2 and TM2' move away from the TM1-TM1' interface, exposing the cysteine residues to oxidant, it would account for the symmetrical increase in cross-linking in the presence of aspartate. A third possibility is that the binding of aspartate has an effect on the dynamics of the receptor. In the absence of aspartate the cysteine sulfhydryls might spend less time at the correct distance and orientation for forming disulfides. Aspartate binding might decrease the dynamic motion of the receptor, allowing the disulfides to form more rapidly. A combination of these alternatives might account for the changes in cross-linking. Further experiments are required to understand this effect.
The transmembrane cysteines and the disulfides in the aspartate receptor exhibit some interesting chemical properties. The disulfides are very stable on exposure to low molecular weight thiols in the presence of SDS, requiring extremes of heat and pH for full reduction. The reduced cysteines are not labeled by N-ethylmaleimide, even in the presence of denaturants (data not shown). In the case of bacteriorhodopsin, labeling of introduced transmembrane cysteines required denaturation of the protein in 3% SDS and 6 M urea (20) . A lack of reactivity might be a common property of transmembrane cysteines, possibly resulting from a high pKa of the side-chain sulfhydryl in the hydrophobic environment of the membrane.
The application of the method of targeted disulfide crosslinking to other receptors, both in transmembrane and other regions, should prove useful for testing the importance of oligomerization in the mechanisms of these receptors, for stabilizing the oligomerized state for crystallization attempts, and for locking the receptors in specific conformationscapturing "on" and "off' states, for example-to probe the mechanisms of transmembrane signaling.
